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In this work we advocate for the idea that two seemingly unrelated 80-year-old mysteries - the
nature of dark matter and the high temperature of the million degree solar corona - may have
resolutions that lie within the same physical framework. The current paradigm is that the corona
is heated by nanoflares, which were originally proposed as miniature versions of the observed solar
flares. It was recently suggested that the nanoflares could be identified as annihilation events of
the nuggets from the Axion Quark Nugget (AQN) dark matter model. This model was invented
as an explanation of the observed ratio Ωdark ∼ Ωvisible, based only on cosmological and parti-
cle physics considerations. In this new paradigm, the AQN particles moving through the coronal
plasma and annihilating with normal matter can lead to the drastic change of temperatures seen
in the Sun’s Transition Region (TR), and significantly contribute to the extreme ultraviolet (EUV)
excess of 1027 erg s−1. To test this proposal, we perform numerical simulations with a realistically
modeled AQN particle distribution and explore how the nuggets interact with the coronal plasma.
Remarkably, our simulations predict the correct energy budget for the solar corona, and show that
the energy injection mostly occurs at an altitude of around 2000 km, which is where the TR lies.
Therefore, we propose that these long unresolved mysteries could be two sides of the same coin.
We make several predictions based on this proposal, some of which could be tested by the recently
launched NASA mission, the Parker Solar Probe.
I. INTRODUCTION
Eighty years after the first evidence emerged support-
ing the existence of dark matter [1], its nature remains
elusive despite numerous attempts at direct and indirect
detections. For about 20 years, the standard paradigm
for dark matter was based almost exclusively on the
Weakly Interactive Massive Particles (WIMP), but the
lack of detection prompted the development of alter-
native models. A promising approach was developed
by Zhitnitsky [2], in the form of Axion Quark Nuggets
(AQNs), where dark matter is, in part, composed of bary-
onic macroscopic objects (gram mass) and strongly inter-
acting with the baryonic sector. At large (cosmological)
scales, AQNs behave like cold dark matter because their
high mass implies a low number density with a small
cross-section. But at small scales, especially where the
baryonic density is high, AQNs can interact strongly with
baryons.
The idea that AQNs can take the form of composite
objects of standard quarks in a novel phase, goes back to
quark nuggets [3], strangelets [4], and nuclearities [5] (see
also review [6] which has a large number of references on
the original results). In the early models [3–6] the pres-
ence of strange quarks stabilizes the quark matter at suf-
ficiently high densities, allowing strangelets being formed
in the early universe to remain stable over cosmological
timescales. Most of the original models were found to be
inconsistent with some observations, but the AQN model
was built on different ideas, involving the Axion field, and
has not been ruled out so far. The AQNs could be made
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of matter as well as antimatter, where the latter would
interact very strongly with baryons, and eventually anni-
hilate, under certain conditions. We redirect the reader
to Section III for an introduction and overview of the ba-
sic ideas of the AQN model. In the same section we also
highlight the basic cosmological and astrophysical con-
sequences of this model. (For the interested reader we
also refer to the short proceeding-type review [7] which
has a large number of references on the original results
obtained within the AQN framework.)
At a completely different scale and for different physics,
the temperature of the solar corona is another 80-year-
old puzzle: the photosphere is in thermal equilibrium at
∼ 5800 K, while the corona has a temperature of a few
106 K [8]. Observationally, the high temperature is seen
as an energy excess of a few 1027 erg s−1 and is mostly
visible in the extreme ultraviolet (EUV) and soft X-ray
regime.
The conventional view is that the corona excess heating
is supported by nanoflares, a concept originally invented
by Parker [9], which are thought to be miniature versions
of the larger solar flares. The energy burst associated
with these nanoflares is significantly below detection lim-
its and has not been observed so far. Another approach
is based on Alfve´n waves. In this type of model, energy
is transported by Alfve´n waves from the photosphere up
to the corona through the chromosphere. While there is
still no consensus on which mechanism could be domi-
nating the coronal heating, recent observations suggest
that Alfve´n waves cannot provide a sufficient heat source
[10, 11]. For the purposes of this paper, then, we direct
our focus towards the currently accepted paradigm of
nanoflares. In fact, all coronal heating models advocated
so far seem to require the existence of an unobserved
(i.e. unresolved with current instrumentation) source
of energy distributed over the entire Sun [12]. There-
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2fore, ‘nanoflares’ are largely modeled as generic events,
producing an impulsive energy release on a small scale,
without specifying their cause and their nature (see re-
view papers [13, 14]). The exact nature of nanoflares, so
far, remains an open question.
Our goal is to explore further the new assumption
of [15], which is that the nanoflares (including sub-
resolution events with very low energies) can be iden-
tified as the annihilation events of AQNs, thus provid-
ing an external and new source of energy to heat the
corona. As pointed out in [15, 16], the solar corona rep-
resents an ideal environment to test the interaction with
AQNs: when AQNs enter a plasma under certain condi-
tions, found in the solar corona, they can annihilate and
deposit energy (the exact details of which are addressed
later in the paper). The scenario as proposed by [15, 16]
is that the AQN’s annihilation provides an energy injec-
tion that can contribute to the observed EUV excess of
the solar corona. In other words, the solar corona can
play the role of a dark matter AQN detector, and pro-
vides a novel source of energy in the plasma. Since the
AQN model predicts that annihilation, and energy re-
lease, will happen in the corona, the corona heating can
serve as a robust test of the AQN model itself. This is
the approach taken in this paper.
The presentation of the paper is organized as follows.
First, in section II we introduce the basics of the so-
lar corona physics, discussing the conventional approach
to the heating problem and its limits, and expose our
motivation for the present work. Then in section III
we overview the basic features of the AQN dark mat-
ter model, which is followed by section IV in which we
develop the AQN model in the context of the solar corona
environment. In section V we describe the setup for the
numerical simulations performed to test our proposal and
present our results. Concluding remarks, including pos-
sible future work, are addressed in section VI.
II. BACKGROUND
A. Physics of the Corona
The solar corona is a very peculiar environment that
seems to defy basic thermodynamics [18]. Starting at an
altitude of 1000 km above of the photosphere, the highly
ionized iron lines show that the plasma temperature ex-
ceeds a few 106 K. The total energy radiated away by the
corona is of the order of Lcorona ∼ 1027erg s−1, which is
about 10−6−10−7 of the total energy radiated by the pho-
tosphere. Most of this energy is radiated at the extreme
ultraviolet (EUV) and soft X-ray wavelengths. However,
it is not in thermal equilibrium with its environment,
since it is much hotter than the 5800 K blackbody tem-
perature of the photosphere. As shown in Fig. 1, there is
a very sharp transition region located in the upper chro-
mosphere where the temperature suddenly jumps from
∼ 25000 K to 106 K. This transition layer is relatively
thin, 200 km at most. This apparent violation of the sec-
ond principle of thermodynamics can only be resolved if
there is a non-thermal source of energy, heating up the
corona, located significantly above the photosphere. The
source should be able to sustain a power of the order of
1027 erg s−1. It is important to note that the Sun can
be approximately divided into active and quiet regions,
and that, observationally, the EUV excess is found ev-
erywhere, in both regions. We want to emphasize that
the problem we are discussing here concerns the quiet
Sun, that is regions of the Sun away from active spots
and coronal holes. The active regions give rise to pow-
erful solar flares, but the energy injection provided by
these spectacular events happens on a small area and
have a negligible contribution to the overall heating of
the corona. As we will explain in Sections II-B and II-C,
it is unclear how conventional heating mechanisms can
be efficient in the quiet Sun, where the magnetic field is
small.
A conventional solution to the heating problem in the
quiet Sun corona was proposed in 1983 by Parker [19],
who postulated that a continuous and isotropic sequence
of miniature flares, which he called “nanoflares”, could
happen in the corona. Transient heating events, includ-
ing ‘micro-events’, ‘microflares’ and ‘nanoflares’, have
been previously considered to be of potential interest for
understanding the coronal heating mechanism because
they may give rise to a basal background heating near
the solar surface; see original papers [20–27] and reviews
[13, 14, 28–32]. The term ‘nanoflare’ has been used in a
series of papers by Benz and coauthors [20–24], and many
others, to advocate the idea that these small “micro-
events” might be responsible for the heating of the quiet
solar corona.
According to [22], in order to reproduce the measured
EUV excess, the observed range of nanoflares needs to
be extrapolated from the observed events interpolating
between (3.1·1024−1.3·1026) erg to sub-resolution events
with much smaller energies of ∼ 1021 erg. The nanoflares
have to be distributed very “uniformly in quiet regions”,
in contrast with micro-flares and flares which are much
more energetic and occur exclusively in active areas [24].
As we highlight in the next subsection, a conventional
assumption that nanoflares and large flares (separated
by many orders of magnitude in the energy scale) are
originated from the same physics can be problematic for
a number of reasons. Indeed, this was one of the ma-
jor motivations to introduce an alternative description of
the “nanoflares” as the annihilating AQN dark matter
particles.
B. The conventional approach
The conventional picture can be formulated as follows:
The flares and sunspots (which represent the direct and
primary manifestation of the magnetic field activity) are
strongly correlated spatially and temporally. It is nor-
3FIG. 1. Left: The temperature distribution of the inner and outer Sun. The drastic changes occur in vicinity of 2000 km.
Right: the unexpected deviation from the thermal distribution in the extreme ultraviolet (EUV) and soft X-rays in the solar
spectrum constitutes the celebrated solar corona problem. This EUV and X-ray radiation is originated from chromosphere,
transition and corona regions. The total EUV intensity represents a small ∼ (10−7− 10−6) portion of the solar irradiance. The
plots are taken from [17].
mally assumed that the flare’s energy is supplied by the
magnetic reconnection events. This assumption is sup-
ported by Magneto-Hydro-Dynamics (MHD) simulations
for sufficiently large magnetic fields1. Simulations are
indeed consistent with observations when the magnetic
field dynamics, observed by the sunspot activity, is cor-
related with the flare’s activity, with solar cycles, and
many other phenomena such as the Sun spots distribu-
tion over time (also known as the butterfly diagram), the
emergence of the coronal holes, and coronal mass ejec-
tions (CMEs). This is the case for flares in active regions
where the magnetic field can be as high as 102 − 103 G.
Nanoflares, on the other hand, are expected to dominate
the energy budget in the quiet regions, where the mag-
netic field is of the order of ∼ 1 G, but occupies much
larger solar surface area.
The conventional assumption is that the same physics
of the magnetic reconnection (known to drive the large
flares) can be extrapolated to much smaller scales such
that the nanoflares have the same origin as large flares
1 To complicate the picture, the 2d MHD simulations [33] show
that a large number of different phenomena, including Sweet-
Parker reconnection [34, 35], Petschek reconnection [36, 37], tear-
ing instability, formation of the magnetic islands, and many oth-
ers, may all take place at different phases in the evolution of the
system, see also reviews [38, 39], but this is not very relevant for
the discussion in this paper.
and are driven by the same physics of the magnetic re-
connection. This assumption is very hard to justify from
theoretical, as well as from observational, viewpoints. To
present our arguments in a quantitative way it is con-
venient to introduce the dimensionless plasma parame-
ter β, which describes the ratio of gas pressure to mag-
netic pressure (and thus determines the importance of
the magnetic field):
β ≡ 8pip
B2
∼ 0.5 · 103
( n
1010 cm−3
)( T
106K
)(
1 G
B
)2
,
(1)
where for numerical estimates we use typical parameters
for the quiet regions in corona when β  1. Another im-
portant parameter is the Alfve´n speed vA which assumes
the following numerical value in the corona environment:
vA
c
=
B
c
√
4piρ
∼ 2 · 10−5
(
B
1 G
)
·
√
1010 cm−3
n
, (2)
The large value of parameter (1) implies that the mag-
netic field pressure plays a subdominant role in compar-
ison with conventional kinetic pressure p. It is very hard
to see how the magnetic reconnection could be opera-
tional in the environment when the magnetic pressure is
3 orders of magnitude smaller than conventional kinetic
pressure2. The Alfve´n speed in this environment is also
2 In most cases the MHD simulations are done with a small plasma
4numerically very small: vA ' 6 km s−1.
The assumption that flares and nanoflares are similar
phenomena is also difficult to justify observationally, due
to the following:
1. Flares have a highly non-isotropic spatial distribu-
tion because they are associated with the active regions.
On the other hand, the EUV emission is highly isotropic.
In order to explain the SoHo/EIT observations, a large
rate of 1.1 × 106 events per hour for whole Sun is nec-
essary [21, 23]. This large number of events is required
to fit the observations when the EUV iron lines fluctuate
locally at time scales of a few minutes in a majority of
pixels, including even the intra-cell regions of the quiet
corona.
2. The nanoflares and microflares appear in different
ranges of temperature and emission measure (see Fig.3 in
[24]). While the instrumental limits prohibit observations
at intermediate temperatures, nevertheless the authors
of [24] argue that “the occurrence rates of nanoflares and
microflares are so different that they cannot originate
from the same population”. We emphasize on this differ-
ence to argue that the flares originate at sunspot areas
with locally large magnetic fieldsB ∼ (102−103) G, while
the EUV emission (which is observed even in very quiet
regions where the magnetic field is in the range B ∼ 1G)
is isotropic and covers the entire solar surface.
3. The temporal evolution of flares and nanoflares also
appears different. The typical ratio between the maxi-
mum and minimum EUV irradiance during the solar cy-
cle does not exceed a factor of 3 or so between the maxi-
mum at year 2000 and minimum in 2009 (see Fig. 1 from
ref. [40]), while the same ratio for flares and sunspots is
much larger, of the order of 102.
If the magnetic reconnection was fully responsible for
both the flares and nanoflares, then the variation during
the solar cycles should be similar for these two phenom-
ena. It is not what is observed; the modest variation of
the EUV with the solar cycles in comparison to the flare
fluctuations suggests that the EUV radiation does not
directly follow the magnetic field activity, and that the
EUV fluctuation is a secondary, not a primary effect of
the magnetic activity.
C. Motivation and contribution to the conventional
approach
In the present work, we advocate an alternative idea:
the source and mechanism behind ‘nanoflares’ lies in dif-
ferent physics compared to large flares. Following a pro-
posal by [15, 16], nanoflares are associated with AQN
annihilation events, and are not related to the solar
magnetic field and accompanying magnetic reconnection.
This model provides an external source of energy to the
parameter β ≤ 1, i.e. when the magnetic field dynamics domi-
nate the physics.
solar corona. Since the AQN model was initially designed
to address cosmological issues only, its development has
no connection with solar physics and its interaction with
the solar corona cannot be tuned; it is a direct conse-
quence of the initial model. If dark matter, in the form
of AQNs, can heat the solar corona, the energy avail-
able in the solar system dark matter environment should
be a reasonable estimate of the energy injected in the
corona. Surprisingly, with a dark matter mass density of
ρDM ' 0.3 GeV cm−3 the power potentially available for
the corona is of the order of 1027 erg s−1, which is very
close to the observed EUV excess.
Compared to the conventional approach, the only new
element in our proposal is related to the nature of the
nanoflares: in the AQN framework these nanoflares are
not expressed in terms of conventional solar physics, and
cannot be described in terms of the magnetic reconnec-
tion. However, all other phenomena, such as the statis-
tics of large flares, their spatial and temporal correlation
with sunspot activity, CMEs, and variations with the so-
lar cycle and magnetic activity remains unaffected. Our
assumption on the nature of nanoflares is also consistent
with MHD simulations, where “nanoflares” are treated
as generic energy burst events, without specifying their
cause and nature (see review papers [13, 14]).
The time variability and spatial distribution of
nanoflares are also important clues about the nature of
non-thermal processes happening in the chromosphere.
Recent RHESSI observations demonstrate clearly that
nanoflares and microflares are different physical phenom-
ena [24]. Microflares are well resolved and similar to a
miniature version of the solar flares, appearing preferen-
tially in active regions, with a higher temperature and
emission measure. Nanoflares however tend to appear
uniformly on the Sun and have very distinct energetics
compared to microflares.
III. THE AXION QUARK NUGGET (AQN)
DARK MATTER MODEL
The AQN model in the title of this section stands for
the axion quark nugget model, see original work [2] and
short overview [7] with references therein on the original
results reflecting different aspects of the AQN model.
The original motivation of this model was based on the
observation that the visible and dark matter densities in
the Universe are of the same order of magnitude [2] .
Indeed, this order of magnitude equality is automatically
realized in the AQN model
Ωdark ∼ Ωvisible (3)
as both densities are proportional to the same fundamen-
tal ΛQCD scale, and they both originate from the same
QCD epoch, see [41–43] with many technical details. If
these processes are not fundamentally related, the two
components Ωdark and Ωvisible could easily exist at vastly
5different scales; this is a fine tuning problem which is
rarely discussed in the literature.
In comparison with many other similar proposals [3–
6], the AQN dark matter model has two unique features:
1. There is an additional stabilization factor in the AQN
model provided by the axion domain walls which are co-
piously produced during the QCD transition in early Uni-
verse;
2. The AQNs could be made of matter as well as anti-
matter in this framework as a result of separation of the
baryon charges.
The most important astrophysical implication of these
new aspects relevant for the present studies is that quark
nuggets made of antimatter store a huge amount of en-
ergy which can be released when the anti-nuggets hit the
Sun from outer space and get annihilated. This feature
of the AQN model is unique and is not shared by any
other dark matter models because the dark matter in
AQN model is made of the same quarks and antiquarks
of the standard model (SM) of particle physics 3.
The basic idea of the AQN model can be summarized
as follows: It is commonly assumed that the Universe
began in a symmetric state with zero global baryonic
charge and later (through some baryon number violating
process, the so-called baryogenesis) evolved into a state
with a net positive baryon number. As an alternative
to this scenario we advocate a model in which “baryoge-
nesis” is actually a charge separation process when the
global baryon number of the Universe remains zero. In
this model the unobserved antibaryons come to comprise
the dark matter in the form of dense nuggets of quarks
and antiquarks in the color superconducting (CS) phase.
The formation of the nuggets made of matter and anti-
matter occurs through the dynamics of shrinking axion
domain walls (see original papers [41–43] which contain
many technical details).
The nuggets, after they are formed, can be viewed as
strongly interacting and macroscopi- cally large objects,
with a typical nuclear den- sity and with a typical size
R ∼ (10−5−10−4) cm determined by the axion mass ma,
as these two parameters are linked: R ∼ m−1a . The most
strin- gent upper bound on the axion mass comes from
the observation of supernova SN 1987A, while the lower
bound is determined by the requirement that the energy
density of axion dark matter does not over-close the uni-
verse. We refer the reader to the recent reviews [44–52]
on the subject. For the purposes of the present work it is
sufficient to mention that the conventional dark matter
axions in the galaxy are produced due to the misalign-
ment mechanism or due to the decay of the topological
3 In general, the annihilation events of the anti-nuggets with vis-
ible matter may produce a number of other observable effects
in different circumstances such as rare events of annihilation of
anti-nuggets with visible matter in the center of the galaxy, or
in the Earth’s atmosphere (see some references on the original
computations for different frequency bands in the short review
[7])
objects. In the corresponding computations it has also
been assumed that the Peccei-Quinn symmetry was bro-
ken after inflation.
Taking these factors into account, the remaining open
window for the axion mass is then 10−6eV ≤ ma ≤
10−2eV. This axion mass window corresponds to the
range of the nugget’s baryon charge B:
1023 ≤ |B| ≤ 1028, M∼ mpB (4)
whereM is the mass of the nugget and mp is the proton
mass. One should emphasize that while the two param-
eters, the nugget’s size R and the axion mass ma are
linked as mentioned above, this relation is not one to one
correspondence. To be more specific, for a given axion
mass ma there is entire window for the baryon charge
B where the nuggets remain stable as the quark energy
per baryon charge in the CS phase is still below than
mp, which represents the energy per baryon charge in
the hadronic phase, see ([43] for details). Therefore as
the baryon charge scales as B ∼ R3 while R could eas-
ily vary by a factor of 3-4 depending on the QCD model
(see e.g. Fig 8 from [43]), we expect the baryon charge of
the nuggets to be distributed in a relatively large window
covering a few orders of magnitude.
The corresponding high mass of the nuggets implies
a very small number density ∼ B−1. As a result, their
interaction with visible matter is highly inefficient, and
the nuggets behave as cold dark matter. Therefore, the
AQN model does not contradict any of the many known
observational constraints on dark matter or antimatter
in the Universe [53].
Furthermore, it is known that the galactic spectrum
contains several excesses of diffuse emission of uncertain
origin, the best known example being the strong galac-
tic 511 keV line. If the nuggets have the average baryon
number in the 〈B〉 ∼ 1025 range they could offer a poten-
tial explanation for several of these diffuse components
(including the 511 keV line and accompanied continuum
of γ rays in the 100 keV to few MeV ranges, as well as
X-ray and radio frequency bands). For further details
see the original works [54–59] with specific computations
in different frequency bands in galactic radiation, and a
short overview [7].
IV. AQN IN THE SOLAR CORONA
A. The AQN Annihilation Events as Nanoflares
1. Energetics
We want to overview here the basic results of [15] sug-
gesting that the heating of the chromosphere and corona
is due to the annihilation events of the AQN with the
solar material. Indeed, the impact parameter for capture
of the nuggets by the Sun can be estimated as follows:
bcap ' R
√
1 + γ, γ ≡ 2GM
Rv2
, (5)
6where v ' 10−3c is a typical velocity of the nuggets. As-
suming that ρDM ' 0.3 GeV cm−3 and using the capture
impact parameter (5), one can estimate the total energy
flux due to the complete annihilation of the nuggets,
L (AQN) ∼ 4pib2cap v ρDM ' 4.8 · 1027erg s−1, (6)
where we substitute a constant v ' 10−3c to simplify nu-
merical analysis. There is a non-trivial coincidence be-
tween this estimate and the observed total EUV energy
output from the corona. As highlighted in Section II, it
is hard to explain the EUV excess in terms of conven-
tional astrophysical sources. This “accidental numerical
coincidence” was the main motivation to put forward the
idea that (6) represents a new source of energy feeding
the EUV and soft X-ray radiation [15].
One should emphasize that the estimates (6) for the
radiated power as well as the estimate for a typical tem-
perature T ∼ 106 K are not very sensitive to the size
distribution of the nuggets. This is because the esti-
mate (6) represents the total energy input due to the
complete nugget’s annihilation, while their total baryon
charge is determined by the dark matter density ρDM ∼
0.3 GeV cm−3 surrounding the Sun.
2. Energy distribution
The expected energy distribution of nanoflares also
overlaps with the baryon charge distribution of AQNs.
The energy distribution derived from studying models of
coronal heating by nanoflares (see e.g. [22]), is a power-
law formally expressed as
dN ∼W−αnanodW ∼ B−αnanodB,
for W ' (4 · 1020 − 1026) erg (7)
where dN is the number of the nanoflares (including the
sub-resolution events) per unit time with energy between
W and W + dW . By identifying these nanoflare events
with annihilation events of the AQN carrying the baryon
charges between B and B + dB, the two distributions
become tightly linked in our framework. More concretely,
as the annihilation of a single baryon charge deposits an
energy of 2mpc
2 into the corona, the energy of the events
W can always be expressed in terms of the baryon charges
B of the AQNs:
W ' 2mpc2B ' (3 · 10−3 erg)×B (8)
One can see that the nanoflares energy distribution
window given by eq. (7) largely overlaps with the AQN
baryonic charge window given by eq. (4). One should em-
phasize that this overlap is a nontrivial self-consistency
check of our proposal connecting nanoflares to AQNs,
since the nanoflare window (7) is constrained by solar
corona heating models, while the nugget’s baryon charge
window (4) is constrained by cosmological, astrophysical,
satellite and ground based observations and experiments,
including the axion search experiments.
The following comment will also be useful for the rest
of the paper: the authors of [25] claim that the the data
prefer a nanoflare energy distribution (7) with a slope
αnano ' 2.5, while numerous attempts to reproduce the
data with αnano < 2 were unsuccessful. This is consistent
with previous analysis [23] with αnano ' 2.3. It should
be contrasted with another analysis [27] which suggests
that αnano ' 1.2 for events below W ≤ 1024 erg, and
αnano ' 2.5 for events above W ≥ 1024 erg. Analysis [27]
also suggests that the change of the scaling (the position
of the knee) occurs at energies close to 〈W 〉 ' 1024 erg,
which roughly coincides with the maximum of the energy
distribution, see figure 7 in [27].
3. Dynamics
The last aspect that could potentially link nanoflares
to AQNs is dynamical. Observations of lines in the solar
corona reveal large Doppler shifts, with typical velocities
of (250−310) km s−1 (see figure 5 in [20]). The observed
line width in OV of ±140 km s−1 far exceeds the thermal
ion velocity which is around 11 km s−1 [20]. On the other
hand, it is comparable to the typical velocities of the
nuggets entering the solar corona which is of the order of
∼ 300 km s−1. Typical timescales of the nanoflare events,
of the order 101 − 102 seconds, are also consistent with
with AQN annihilation estimates [15]. Both quantities,
velocity and timescale, will be more precisely calculated
in Section V.
One should add that the observations listed in items
1, 2, 3 from Section II-B find a natural explanation
within the AQN framework. Indeed, according to these
items the nanoflares are distributed very uniformly in
quiet regions, in contrast with micro-flares which are
much more energetic and occur exclusively in active ar-
eas. This is consistent with the dark matter interpre-
tation as the anti-nugget annihilation events (identified
with nanoflares) should be present in all areas irrespec-
tive of the regional activity in the Sun. The same anti-
nugget annihilation events also occur during low solar ac-
tivity periods when no active regions or flares are present
in the system for months. It is consistent with the obser-
vations that the EUV intensity fluctuations (which ac-
cording to this proposal are due to the AQN annihilation
events) are very modest in comparison with the drastic
changes of flare activity during a solar cycle.
B. Formulation of the Interaction Cross-Section
In this section we highlight and further develop the ba-
sic ideas from [15] with estimations of the rate of ioniza-
tion of the nuggets (and antinuggets) as a result of their
high speeds in the corona. The corresponding estimates
7will play a central role in the numerical calculations de-
veloped in Section V.
We start with the estimation of the electrical charge of
the AQNs when they enter the solar corona. The total
neutrality of the nuggets in the model is supported by
the electrosphere made of leptons (electrons for nuggets
and the positrons for the anti-nuggets). For a non-zero
intrinsic nugget temperature T 6= 0 a small portion of the
loose positrons will be stripped off from the AQNs, such
that the nuggets will be ionized at T 6= 0. As a result
the nuggets will acquire a non-vanishing positive charge,
while anti-nuggets will acquire a non vanishing negative
electric charge Q. To estimate this charge Q one can
use the electro-sphere density profile function n(r) by re-
moving the contribution of the region of loosely bounded
positrons with low momentum p2 ≤ 2meT . The corre-
sponding computation leads to the following estimate for
Q (see [15]):
Q ' 4piR2
∫ ∞
1√
2meT
n(z)dz ∼ 4piR
2
2piα
·
(
T
√
2meT
)
. (9)
If we assume a typical AQN size R ∼ 10−5 cm and
T ∼ 100 eV corresponding to the temperature of the
surrounding plasma in the corona we arrive at the es-
timate Q ∼ 108, which represents a very small portion
in comparison with the typical baryon charge B ∼ 1025
hidden in the AQNs, i.e. (Q/B)  1. One should
emphasize that our estimate T ∼ 100 eV is actually a
lower limit for an estimation of the charge Q, because
the corresponding temperature entering eq. (9) should
be identified with the internal thermal temperature TI
of the nuggets (and anti-nuggets), to be contrasted with
the surrounding plasma temperature TP measured far
away from the nuggets. The TI could be many orders of
magnitude higher than the average plasma temperature
TP ∼ 100 eV, and so the charge Q ∼ T 3/2I could also
be drastically different in magnitude. It is worth noting
that we could also expect the internal local temperatures
for the nuggets versus the antinuggets to be drastically
different, because heating from the proposed annihilation
events occur exclusively inside the antinuggets, while the
nuggets are heated exclusively as a result of the super-
sonic motion in the surrounding plasma. The estimates
and arguments for the effective cross section formulated
in the following paragraphs, which attempt to account
for the internal and plasma temperature differences TI
and TP due to supersonic motion, are then only lower
limits for the anitnuggets (for they do not account for
the annihilation heating).
In our numerical simulations that follow, it is impor-
tant that we have formulations for the calculation of the
effective interaction sizes of the nuggets and antinuggets.
The simplest and very rough way to estimate the corre-
sponding parameter Reff (effective radius of the spherical
AQN) is to approximate an effective Coulomb cross sec-
tion between the nuggets carrying the charge Q and the
plasma of the electrons and protons by assuming that a
typical momentum transfer is order of the temperature
of the surrounding plasma, |q| ∼ TP , i.e.
piR2eff ∼
Q2α2
q2
∼ Q
2α2
T 2P
. (10)
So now we can estimate Reff using the ionization charges
determined by eq. (9):(
Reff
R
)2
' 8(meTP )R
2
pi
(
TI
TP
)3
(11)
Or equivalently, we define for the purposes of our simu-
lations:(
Reff
R
)
= 1
(
TI
TP
)3/2
, 1 ≡
√
8(meTP )R2
pi
(12)
Where 1 is defined to be understood as a dimensionless
enhancement factor for the nugget interaction radius. If
we ignore the difference between the temperatures TI and
TP we arrive at an estimate for Reff (from 1, which then
effectively determines the size of the system) as(
Reff
R
)
' 104 ⇒ Reff ∼ 0.1 cm
for Q ∼ 108 and TP ∼ 106 K. (13)
Precisely this value Reff ∼ 0.1 cm has been used in an
order of magnitude estimate in [15].
The effective radius Reff of the AQNs can be inter-
preted as an effective size of the nuggets due to the ion-
ization characterized by the nugget’s charge Q. It can
also be thought of as a typical radius of a sphere which
can accommodate ∼ nsun(l)R3eff(l) number of particles
from plasma. Precisely these particles effectively partic-
ipate in the processes of annihilation and energy trans-
fer from the antinugget to the surrounding solar plasma.
The corresponding value of Reff(l) obviously depends on
the environmental parameters such as density nsun(l) and
the temperature TP (l) of the plasma. This feature is re-
flected by dependence of the internal temperature on the
altitude l.
To account for the physics related to the difference be-
tween internal temperature TI and plasma temperature
TP we first define the corresponding dimensionless pa-
rameter:
2 ≡
(
TI
TP
)3/2
⇒
(
Reff
R
)
= 12 (14)
So that in what follows 1 and 2 are treated as the phe-
nomenological enhancement parameters.
An estimation of the internal thermal temperature TI
(or what is the same 2) is a highly nontrivial and compli-
cated problem and requires an understanding of how the
heat (due to the friction and the annihilation events con-
tinuously occurring inside the antinuggets) will be trans-
ferred to the surrounding plasma from a body moving
8with supersonic speed with Mach number M ≡ v/cs > 1.
The efficiency of this heat transfer eventually determines
the internal thermal temperature of a nugget and the cor-
responding charge Q. The corresponding energy transfer
efficiency depends on the number of many body plasma
phenomena, including turbulence in the vicinity of the
nugget’s surface. Such an estimate of the internal tem-
perature TI is well beyond the scope of the present work.
As we mentioned, in what follows we treat 2 as a phe-
nomenological parameter. However, one could get a
rough estimate on the magnitude of TI using simple ther-
modynamical arguments which go as follows.
It has been argued in [16] that the nuggets in the
corona will inevitably generate shock waves due to their
very large Mach number, which was estimated as M '
(1.5 − 15) depending on the typical velocities of the
nuggets. It is known that a shock wave generates a dis-
continuity in temperature, which for large Mach numbers
M  1 can be approximated as follows [16, 60]
T2
T1
'M2 · 2γ(γ − 1)
(γ + 1)2
, γ ' 5/3. (15)
In this formula we identify the temperature T1 ' TP with
the temperature of the surrounding unperturbed plasma,
while the high temperature T2 occurs as a result of the
shock wave. If one assumes that the turbulence (which
normally develops around a body moving with supersonic
speed) will efficiently equalize the internal temperature
of the nuggets TI with T2 one can estimate from eq. (15)
that TI/TP ∼ M2, which could be very large as the fac-
tor M ∼ 10 could be very large. This effect obviously
applies to both types of the AQNs: nuggets and antin-
uggets. However, we note again that we expect TI for
the antinuggets could actually be much larger than TI
for the nuggets once the antinuggets start to annihilate
in the Sun and have an additional internal heat gener-
ated as a result. In any case, these estimates suggest
that 2 could be numerically very large as it scales with
the internal temperature as T 3/2. The important result
for our work, then, is that the parameter 2 scales with
and is determined by the Mach number as follows:
2 ≡
(
TI
TP
)3/2
∼M3. (16)
Therefore, the parameters 1 and 2 depend on altitude
as well as on the AQN velocity at each given point, as the
AQN velocity obviously changes with time as a result of
friction and annihilation events. The corresponding mod-
ifications of the parameters 1 and 2 when time evolves,
and thus the evolution of the effective interaction cross
section, will be explicitly accounted for in our numerical
studies in the next section.
V. NUMERICAL SIMULATIONS
The main aim of this work was to investigate the fea-
sibility and accuracy of the proposed model of the AQN
dark matter particles as a source of the heating of the
corona through nanoflare-type events. To do this, we
performed detailed numerical simulations of the entire
proposed process, paying particular attention to the so-
lar environment. We divided our simulations into three
main steps: in the first step we generated the dark mat-
ter particles in the solar neighborhood and calculated
their trajectories, in the second step we identified these
particles as AQN and assigned masses to them, and in
the third step we solved the equations for annihilation of
these AQN in the solar atmosphere.
A. Numerical Setup
1. DM particles in the solar neighborhood
For the initial set-up, we first populated the solar
neighborhood with a large sample of particles with ran-
domly assigned positions and velocities from known prob-
ability distributions, i.e. a Monte Carlo sampling. The
rotational velocity of the Sun relative to the galactic cen-
ter is Vc ' 220 km s−1. We also assume that the dark
matter halo is not rotating relative to the galactic center;
[61] showed that the halo rotation speed is of the order
of 10 km s−1, which is negligible compared to Vc. In the
halo frame, the dark matter particles follow a NFW den-
sity profile with an isotropic velocity distribution given
by a three dimensional Maxwellian distribution. The ve-
locity dispersion per component σvi must be calculated
from the Jeans equation, at the Sun’s location, which is
0.04rvir, where rvir ' 200 kpc is the virial radius of the
Milky Way. Considering a Milky Way mass of approxi-
mately 1012 M, the velocity dispersion per component
is σvi ' 100 km s−1 at the Sun’s location [62, 63], where
we have assumed a spherical dark matter halo. Conse-
quently, the full velocity distribution of AQN particles
is given by a three dimensional Maxwellian distribution
shifted in one direction, given by the equation
fv(vx, vy, vz) =
1√
2piσvi
exp
[
− (vx − v)
2 + v2y + v
2
z
2σ2vi
]
.
(17)
The positions of the particles are such that a spherical
annulus of radii Rmax = 10 AU,Rmin = R around the
Sun is populated uniformly (i.e. the probability of finding
a particle in a volume element dV is constant throughout
the entire volume). To generate the uniform distribution
of particle positions, we used the following coordinate
equations:
r =
[ (
R3max −R3min
)
u+R3min
]1/3
(18)
θ = cos−1 (2v − 1) , φ = 2piw, u, v, w ∼ Unif(0, 1)
We can then generate the Monte Carlo sampled 3D po-
sitions and velocities for each particle. We generated
92 × 1010 such sample particles, and let them move ac-
cording to Newton’s law of gravity. Note that this num-
ber is not the true number of DM particles that exist
in the solar neighborhood, but only a small representa-
tive fraction, chosen due to computational limitations. A
rescaling procedure to match the actual number density
of dark matter particles will be given in Section 6.2.
Once we have the position and velocity for each par-
ticle, we calculated the trajectory for each particle us-
ing classical two-body orbital dynamics and determine
whether it is captured by the Sun, i.e. if the perihelion
of the hyperbolic trajectory is less than R. Particles
that are determined to have a path intersecting the solar
surface are then saved for the next step of the simula-
tion. From our original analyzed sample of 2 × 1010, we
find that only approximately 3.6× 104 particles have the
initial conditions that will eventually lead to a success-
ful capture. As expected, only a very small fraction of
dark matter particles in the solar neighborhood are ac-
tually incident upon the Sun. It is important to keep
in mind that this fraction does not represent the true
impact rate; calculating the true rate requires an exact
measure of time duration of AQN accretion in addition
to the number density rescaling. This calculation is ul-
timately addressed in the following sub-section (see in
particular eqs. 19 and 21). What is important about
these 36000 particles is that they provide us with a set
of particles whose initial conditions sample exactly the
true parameter space of particles captured by the Sun.
Trajectory and impact properties are calculated for these
particles, the distributions of which are given in figure 2.
2. AQN mass relations
In order to solve the annihilation equations of the third
step, and to calculate the true rate of impact events, we
have to provide the dark matter particles with a realistic
mass distribution. As discussed in section III, we pro-
pose that the dark matter particles are represented by
AQNs, and the AQN annihilation events are identified
with nanoflares (Sec. IV). The direct consequence of this
identification is that the nanoflare energy distribution (7)
coincides with the AQN mass distribution as advocated
in [15, 16]. This identification also implies that we can
adopt a variety of models for nanoflare energy distribu-
tion which have been previously discussed in order to fit
the observations. To be more specific, we use the follow-
ing nanoflare models [23, 25, 27] with a range of different
power-law index α and different lower limits of extrapola-
tion for the nanoflare energy distribution. These models
have been reviewed in section II, and we plot the corre-
sponding energy distributions in Fig. 3, where we express
the energy scale in terms of the baryon charge B of the
AQNs according to (8).
In our work we then explore the results of applying
each of these distributions in our numerical simulations.
In particular, depending on the model, the index α takes
values of 2.5, 2.0, and a broken power-law of 1.2 be-
low Bthreshold ' 3 × 1026 (Wthreshold ' 1024 erg), and
2.5 above. Bmin is taken to be either 10
23 or 3 × 1024
(Wmin ' 3 × 1020 erg or 1022 erg). As with the veloc-
ity, random draws of baryon charges are made from these
distributions and assigned to the 36,000 impacting AQN.
As we shall see later, our main results are not very
sensitive to the specific features of these different distri-
butions. However for the purposes of our calculations,
one important consequence of varying the baryon charge
distribution is in determining the true number density
of the dark matter particles in the solar neighborhood.
This in turn determines the AQN impact rate on the solar
surface and thus the proposed luminosity from these im-
pacts. For our work, we use the current estimate for the
local dark matter density of ρDM ∼ 0.3 GeV cm−3. Un-
der the AQN DM model, approximately 3/5 of the mass
density is in the form of the anti-nuggets (which are the
ones that are proposed to annihilate)[7]. Only some por-
tion of this DM component (∼ 2/3) contributes to the
annihilation processes in the solar atmosphere, while the
remaining part (∼ 1/3) will be radiated as free propagat-
ing axions [43]. For each baryon distribution case, we can
then calculate a scaling factor fS by which our results of
simulating only 2×1010 particles can be multiplied by to
get the extrapolated true values. We have:
〈B〉 =
∫ 1028
Bmin
B · f(B) dB, f(B) ∝ B−α
n¯AQN '
(
2
3
· 3
5
· 0.3 GeVcm−3
)
1
mp〈B〉
fS ≡
4
3pi(R
3
max −R3min) n¯AQN
2× 1010 , (19)
Rmax = 10 AU, Rmin = R (20)
The notation n¯AQN is introduced to describe the true
number density of the anti-matter AQNs. Put another
way, the factor fS would be 1 if we populated our sim-
ulation space with the true total number of AQN in the
Rmax sphere instead of 2×1010. The true rate of impacts
of the AQN can then be approximated by considering the
number of impacts N(∆timp) in our sample that occur in
some time window ∆timp, where timp is the time it takes
for a DM particle to travel from its initial position to
the solar surface. This time window cannot be chosen
arbitrarily, but motivated by the finite-size effects of our
simulation space. Consider the particles that initially lie
on the edge of our volume, at Rmax = 10 AU. From eq.
17, the maximum initial velocity that these particles can
have is ∼ 600 km s−1, and if they are on a straight radial
trajectory towards the Sun (the shortest path), the time
it would take them to reach and impact the Sun would
be ∼ 10 AU/600 km s−1 ∼ 1 month. Thus our time
window to count the number of impacts cannot exceed
∼ 1 month. If it did, then particles that actually exist
beyond 10 AU would not be correctly accounted for in
our simulation space and time. This whole argument and
motivation is readily apparent in the bottom-left sub-plot
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FIG. 2. Probability density distributions of the trajectory conditions for the 36,123 impacting AQN dark matter particles.
It can be seen that the probability of impact is distance independent, while the impact parameter scales linearly, where
bmax ≡ R
√
1 + (2GM/Rv2i ) (vi being the initial velocity drawn from eq. (17)). The window of time approximately
between 0.25 and 1.25 months, where the ‘time to impact’ distribution is constant (i.e. the AQN flux becomes constant), is
used to extrapolate the total impact rate and the total luminosity from those impacts.
of figure 2, where we see as expected that the number
of impacts starts to decrease beyond timp ∼ 1 month,
whereas before that the impact flux is constant (except
for in the very beginning, where it is slightly higher due
to some initial simulation effects). We thus select the
precise time window which starts at timp = 0.25 months
and ends at timp = 1.25 months. Our extrapolated true
impact rate calculation then follows:
dNimp
dt
' N(∆timp)
∆timp
· fS , timp ∈ [0.25, 1.25] months
(21)
For the different mass distributions that we explore, this
final extrapolated impact rate varies from ∼ 106 s−1 to ∼
103 s−1 for the mean baryon charges of 〈B〉 ∼ 1023−1026
(see Fig. 8).
3. AQN annihilation in the sun
We now have all the dark matter parameters assigned
in order to simulate the annihilation of the AQN in the
solar atmosphere. Two first order differential equations
have to be solved: one that describes the kinetic energy
loss of the AQN due to friction as it collides with parti-
cles in the atmosphere (ram pressure), and the other that
describes the mass loss of the AQN due to the annihila-
tion of the anti-baryons of the nugget with the baryons
in the atmosphere. The energy lost is assumed to radiate
isotropically from the nugget surface. The equations to
solve are constructed as follows:
We follow the conventional idea first formulated by A.
De Rujula and S. Glashow in a 1984 paper [5] regarding
the collision of quark nuggets with the Earth. The energy
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FIG. 3. Probability density functions for the baryon charge B of the AQN. This directly translates to the mass distribution,
as M ' mpB.
loss is:
dE
ds
= −σρv2 (22)
where s is the path distance, σ is the effective cross sec-
tional area of the nugget, ρ is the density of the environ-
ment and v is the nugget velocity. Re-formulating as a
time derivative:
dE
dt
=
dE
ds
· ds
dt
= −σρv3 = −piR2effρv3, (23)
where we introduce the effective cross section in terms of
the effective size of the nugget Reff , to be identified in
what follows with Reff from previous section. Now, we
also have:
E =
1
2
mv2 =⇒ dE
dt
= mv · dv
dt
+
1
2
v2 · dm
dt
(24)
And the rate of mass loss of the AQN is given by:
dm
dt
= −σρv = −piR2effρv. (25)
Equating eqs. (23) (24), and substituting eq. (25) we
arrive to the following relation describing the variation
of the velocity v(t) of the nugget of mass m(t) in the
environment characterized by density ρ which also varies
as the nugget propagates from high latitude with low
densities to lower altitude with much higher densities,
m · dv
dt
= −pi
2
R2effρv
2. (26)
In vector form the complete dynamical equation of mo-
tion is then:
m(t) · d~v
dt
= −pi
2
R2eff(t)ρ(t)v
2(t)vˆ − GMm(t)
r2(t)
rˆ (27)
In order to numerically solve this equation, we must
break it down into its component equations. We nat-
urally use the circular coordinates (r, θ) (i.e. radial and
tangential velocity components), and after taking into
account the kinematic terms arising from our choice of
coordinates, end up with the coupled differential equa-
tions:
dvr
dt
= −vr
v
a− GM
r2
+
v2θ
r
,
dr
dt
≡ vr
dvθ
dt
= −vθ
v
a− vrvθ
r
, (28)
dm
dt
= −2ma
v
with a ≡ piR
2
effρv
2
2m
, v ≡
√
v2r + v
2
θ (29)
Finally, combined with the solar density and temperature
profiles from Fig. 1, and following the arguments laid out
in Sec. IV, we deal with the computation of the effective
radius Reff in our numerical analysis. We treat m, v
as the dynamical variables of the AQN, while ρ, T as
the external parameters describing the solar atmosphere
(which also depend on time t as the nuggets traverse
through the solar atmosphere). The resulting equations
are solved for each time step with environment dependent
dimensionless parameters 1, 2,M (as defined in Sec. IV
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B) calculated as follows:
M =
v
c
(
3γT
mp
)−1/2
' 4.9
( v
km · s−1
)(T
K
)−1/2
1 = R
(
8meT
pi
)1/2
' 4.7
(
m
g
)1/3(
T
K
)1/2
2 =
(
(5M2 − 1)(M2 + 3)
16M2
)3/2
Reff = 12R = 12
(
3m
4piρn
)1/3
,
ρn = 3.5× 1017 kg.m−3, (30)
where ρn is the typical nuclear density which enters the
computations of the AQN masses. It describes the energy
density per unit baryon charge.
These parameters (30) play precisely the key role in
our analysis as they determine the effective interaction
of the AQNs with the solar material σ = piR2eff . This
interaction obviously depends on the velocities of the
AQNs because the effective coupling is proportional to
the Mach number M = v/cs. The effective interaction is
highly sensitive to the temperature of the environment T
because the ionized charge of the nugget is determined
by the surrounding temperature.
We use a 4th order Runge-Kutta numerical integrator
to solve the system of ODEs (28) with parameters (30)
determined by the environment. Looking at Fig. 1, it
is clear that the solar density is extremely low beyond a
height of about 3000 km, and so there will be virtually
no energy loss for the AQN before it reaches this height.
Thus we start our numerical solver at a height of 3000
km for each nugget as it heads towards the solar surface.
The initial radial and tangential velocities, as well as the
initial masses of the nuggets are known at this height
from the first two steps described in this section. The
solver is allowed to run until one of two pre-defined ter-
mination events occur: i) the nugget reaches zero height
i.e. hits the photosphere, or ii) the nugget loses 99.9%
of its initial mass i.e. virtually all its mass. To minimize
numerical error, the maximum time step allowed is 0.01
seconds, which is on top of the in-built error tolerances of
the solver, which keeps the local error estimate for dx/dt
below 10−3x+ 10−6 (for any variable x).
B. Results
• The time (and height) dependent solution for a typ-
ical AQN trajectory as it annihilates in the solar atmo-
sphere is shown in figure 4. The same parameters as a
function of the height above the photosphere are shown
at the bottom row in figure 4. There are two key observa-
tions here. The first is that the nugget loses virtually all
its mass before reaching the photosphere as shown on the
bottom right panel figure 4, thus confirming the original
assumption [15] and fully consistent with our present pro-
posal. Furthermore, we find an even more profound fea-
ture: the AQN starts to lose energy to the environment
at a height of about 2000 km, which is where the solar
Transition Region is. What is most remarkable about
this feature is that it is a very robust property of the sys-
tem, and not very sensitive to the specific details of the
model. Indeed, if we vary the masses of the AQNs, we
still get the same starting height around 2000 km, and
similar profiles overall, as seen in figure 5.
• We then check whether these features are indeed very
robust consequences of the entire system, not being too
sensitive to the details of the nanoflare energy distribu-
tions listed in figure 3, nor to the range of initial con-
ditions for the impacting AQN. With this goal in mind,
we solve for the evolution of the AQN in the solar at-
mosphere for all the ∼ 36000 DM particles, and repeat
this exercise for the 6 different mass distribution models.
The results of this analysis is shown in figure 6. Three
important features stand out:
a) All nuggets, regardless of initial mass, velocity or
impact parameter, annihilate and lose more than 97% of
their total mass to the environment before hitting the
surface;
b) The timescale for this loss is on the order of 10
seconds, which is completely consistent with the time-
scales expected for nanoflare events (of order 101 − 102
s). For our analysis we have defined the annihilation
starting time to be when the AQN has lost 0.5% of its
initial mass, and the ending time to be when it hits the
surface (or has only 0.5% of its initial mass left);
c) All nuggets start annihilating between 2000-2200
km, almost exactly overlapping with the Transition Re-
gion. The same feature can be represented in a different
way by plotting the probability distribution in percent-
age as a function of the height, shown in figure 7. For
illustrative purposes we only show a particular mass dis-
tribution, but this generic feature holds for other distri-
butions as well.
• The next important result is that of the AQN impact
rate, which is by definition the number of annihilation
events per second that happen over the entire solar sur-
face as a result of AQNs impacting the Sun (see eq. 21).
The corresponding plot is presented in figure 8. The rate
depends on the AQN mass distribution model, which are
shown in figure 3. As shown in figure 8, the less massive
the nugget, the higher the impact rate.
• Following the previous result, we want to compute the
total injected energy per unit time per unit length for
a given altitude over the entire solar surface. We want
to quantify the AQN energy deposition as a function of
height (i.e. the annihilation luminosity density). The
result is presented in figure 9 for a typical nanoflare dis-
tribution. The corresponding behavior is striking: it is
strongly peaked at a height around 2000 km, in close
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FIG. 4. Evolution of the properties of a typical AQN as it annihilates in the solar atmosphere. In the first row the x-axis is
time and in the second row it is the height. Particularly important for our proposal is the bottom-right sub-plot showing the
mass lost to the environment as a function of height above the surface.
FIG. 5. The mass loss profiles for the entire range of AQN
masses that we explore. It can be seen that the profile shape
does not change considerably. In particular, all the AQN
start to lose their mass at a height of ∼ 2000 km, and all
have effectively lost their entire mass by the time they hit the
photosphere.
vicinity of the Transition Region. This profile shape is
robust and holds for all nanoflare distributions listed in
figure 3.
The technical reason for this behaviour to emerge is
related to the drastic changes that occur in the interac-
tion rate of the AQN with the solar material. The cor-
responding effective interaction cross section depends on
the temperature, density and the Mach number, and all
these parameters rise (or fall) sharply in the Transition
Region. We speculate that this local very fast and effi-
cient deposition of energy is a key element in solving the
Transition Region puzzle with its dramatic variation of
all thermodynamical parameters on a small scale (mea-
sured in 102 km rather than in 103 km), as shown in
figure 1.
• Our final comment relates to the computational re-
sult for the total annihilation energy injected in the solar
atmosphere per unit time (the annihilation luminosity).
It is calculated as Ltot = 〈∆mAQN〉 · dNimp/dt, where
∆mAQN is the total mass lost by an AQN in its trajectory
through the solar atmosphere. Essentially it represents
the integral over the energy distribution as a function of
height shown in figure 9 (indeed both methods are self-
consistent). The result of this calculation for 6 different
nanoflare distributions is shown in figure 10. The most
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FIG. 6. The distributions of some annihilation observables that we get from simulating the evolution of all AQN as they travel
through the solar atmosphere. The different colors correspond to the different mass distributions we explore as given in figure
3. What is important is not the slight differences between distributions, but the narrow range of values that the results cover
over the entire parameter space.
FIG. 7. An easy to read plot for the distribution of the an-
nihilation starting height, which is defined to be the altitude
at which the AQN has lost 0.5% of its initial mass.
profound feature of this plot is that the total luminosity
(energy injection) is almost constant, and is not sensitive
to the nanoflare models. Furthermore, it is amazingly
close to the observed luminosity ∼ 1027 erg s−1 in EUV
and soft X-rays radiation. This “numerical coincidence”
was, in fact, the main motivation in [15] to advocate this
proposal.
The intuitive explanation that the total luminosity
is not sensitive to the AQN mass (nanoflare) distribu-
tion can be understood from the fact that our basic
normalization is determined by the dark matter den-
sity 0.3 GeV cm−3. Different distributions would gener-
ate different number densities (and impact rates) of the
nuggets as shown in Fig. 8. However, the total mass
available in the solar neighborhood to annihilate is fixed,
and since we have already shown that the individual mass
loss fraction for nuggets is not particularly sensitive to
the initial mass distribution, thus the total injected an-
nihilation energy remains (almost) the same as well.
Figure 10 also demonstrates the self-consistency of our
numerical computational scheme. Indeed, we started
with a very large number of particles distributed over
a 10 AU radius sphere. Nevertheless, we ended up (af-
ter a large number of pure computational steps, not re-
lated with the underlying physics of the AQN dark mat-
ter proposal) with proper number of AQNs entering the
solar atmosphere and generating the luminosity of order
∼ 1027 erg s−1.
This is a remarkable result because this energy is
mostly emitted from the region around 2000 km (as
shown in figure 9) which is characterized by a high tem-
perature T ∼ 106 K. Therefore, it is quite natural to
expect that most of the emission will be in the form of
EUV and soft X-rays, in full agreement with observa-
tions. These results provide strong numerical support
for the assumption made in [15] that the luminosity gen-
erated by the AQN annihilation events will be mostly
radiated in the EUV and soft X-ray bands of the spec-
trum.
VI. CONCLUSION
We have shown that the AQN dark matter model could
account for a significant fraction, if not all, of the EUV
radiation excess of the solar corona. One should empha-
size that we are dealing with the quiet Sun only. In order
to work in the quiet Sun regions, conventional heating
models require the existence of unobserved (i.e. unre-
15
FIG. 8. The extrapolated true impact rate for the different
mass distributions presented in figure 3, and calculated ac-
cording to eq. (21). In the framework of our proposal, this is
the same as the nanoflare event frequency.
solved with current instrumentation) “nanoflares” [12],
described as a generic small scale source of energy, the
physical nature of which is unspecified [13, 14]. Our pro-
posal identifies the nanoflares with the AQN annihilation
events [15, 16]. The AQN model was initially designed to
address cosmological issues expressed by Eq. (3) and has
no tuning parameters associated with the physics of the
Sun 4; its consequence for the corona heating cannot be
adjusted. The main results of our numerical simulations
are expressed by two plots. First, Fig. 9 shows that the
dominant portion of the energy is injected in the region
close to 2000 km where T ' 106 K, and therefore the
radiation is expected to be in form of the EUV and soft
X-rays. Secondly, Fig. 10 shows that this EUV radiation
is very close to the observed value ∼ 1027 erg s−1, which
is a very direct consequence of the model mostly deter-
mined by the dark matter density 0.3 GeV cm−3 in the
Solar System.
Our study provides an energy injection scheme for
4 In particular, the model has only one tunable parameter, the
axion mass scale ma, since the baryon charge B of the nuggets
is determined by the axion mass (as reviewed in Sec. III)
FIG. 9. The total deposited energy profile for a particular
mass distribution. Here the total energy injection is calcu-
lated by multiplying the mean annihilation energy profile for
the AQNs by the extrapolated total impact rate. The lu-
minosity peak seen at ∼2000 km serves to suggest a natural
explanation within our model for the temperature rise in the
Transition Region.
FIG. 10. The extrapolated total luminosity for the differ-
ent mass distributions, that are a result of our simulations
(following color scheme of Fig. 8). Remarkably, without
any fine-tuning of parameters, the total luminosity is about
1 × 1027 erg s−1 across distributions, in agreement with the
observed quiet Sun EUV and soft X-ray flux.
the solar corona. However, the corona is optically thin,
and therefore all photons created by the annihilation of
AQNs should in principle escape the Sun. The process
by which this energy can be re-injected in the plasma
requires magnetohydrodynamics (MHD) simulations be-
cause it involves the computation of the electromagnetic
interaction of the plasma with the moving, highly ion-
ized, AQN. This is a complicated process which is left
for future work. Nevertheless, our current results serve
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to illustrate and provide important clues that the energy
injection will happen at the correct altitude, within the
expected transition region and with the correct energy.
In view of the developed framework, we also offer the
following items as possible tests of our proposal:
1- The ‘nanoflare’ sites will be observed as bursts of en-
ergy, but in the AQN model they should not be associated
with any local magnetic activity (like flares do), includ-
ing in quiet regions during the solar minima. Since the
source of energy injection comes from a random direction
from space, it can happen anywhere and not specifically
in active regions where the magnetic field is strong.
2- The energy injection should be confined to the top of
the chromosphere, in the Transition Region. It is some-
times advocated that the top chromosphere high tem-
perature is a problem even more serious than the “hot”
corona because the chromosphere is much denser and
therefore harder to heat. In our model the heating of the
chromosphere should arise naturally from energy injec-
tion at this height, as one can see from Fig. 9 describing
the altitude distribution of the energy deposition.
3- The altitude of energy injection should be the same
everywhere, whether or not we are looking above a quiet
or active region of the Sun. It is still not understood how
prominences can form in the much hotter and rarefied
coronal regions. In our model, prominences and coronal
heating are completely different phenomena.
4- The energy injection in our model can be thought
as a local event which lasts about 10 seconds with typ-
ical linear spatial extensions of order 1000 km. Con-
ventional MHD should be used to describe consequent
temporal and spatial evolution of these energetic distur-
bances which should be treated as the initial configura-
tions of the system.
5- It is possible that high resolution imaging could re-
veal shock wave fronts caused by the AQNs moving at ve-
locities much larger than the speed of sound. The obser-
vation of these small jet-like events with typical nanoflare
energies, lasting for about 10 seconds outside the active
regions will be strong evidence supporting our proposal.
6- As we mentioned in section III a finite portion
(about 1/3 of its mass) of the AQNs will be disintegrated
in the form of the propagating axions. Therefore, the to-
tal intensity of the emitted axions can be estimated as 1/2
of the EUV emission computed in this work (and plotted
on Fig. 10), i.e. 0.5 × 1027 erg s−1. These axions will
be mostly emitted with relativistic velocities v ∼ 0.5 c.
Therefore, they will have very distinct spectral proper-
ties in comparison to galactic axions (characterized by
v ∼ 10−3 c) and conventional solar axions which are pro-
duced through the Primakoff effect in the central regions
of the Sun. This new type of the solar axions can, in
principle, be discovered with upgraded CAST (CERN
Axion Search Telescope) type instruments, as argued in
[64]. This new solar axion production mechanism can be
tested with upgraded CAST (CERN Axion Search Tele-
scope) type instruments [64]. Furthermore, a similar pro-
duction mechanism also generates the axions on Earth, a
fraction of which have small velocities below the escape
velocity. These axions will be accumulated by the Earth
(and similarly the Sun) during its Gyr life-times, which
greatly enhances the discovery potential [65].
As our final remark, we note that NASA has recently
launched a mission in August 2018, the Parker Solar
Probe (PSP) 5, designed to explore the solar corona and
its heating mechanisms. PSP will be capable of perform-
ing high resolution imaging of the lower solar atmosphere
and detailed studies of its magnetic environment. Thus,
it should be able to address some of the tests above, with
first results expected in early 2019.
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